This paper presents a fabrication process of microscale patterned sapphire substrates (PSSs). The resin mold was fabricated precisely by UV roll-to-roll (RtR) imprinting. Pillar pattern were UV-imprinted on a sapphire wafer by using the mold. PSS were formed on the 2-inch and 4-inch entire wafer areas by BCl 3 -based reactive ion etching. The height and bottom diameter of the conical structure in a 2-inch sapphire wafer were 1.73 μm and 2.67 μm, respectively.
Introduction
GaN-based light-emitting diodes (LEDs) are used as light sources in electronic devices because of their low maintenance cost and low carrying charges. If the luminescence efficiency is increased and equivalent to that of conventional fluorescent lamps, LEDs can be applied widely to common lighting systems such as interior illuminations, car lightings, and displays. To increase their external quantum efficiency, improvements in the internal quantum and light extraction efficiencies are expected. The epitaxial lateral overgrowth (ELO) method [1] [2] [3] [4] and the lateral epitaxy with the patterned sapphire substrate (PSS) [5] [6] [7] [8] [9] [10] [11] [12] [13] can improve the internal quantum efficiency to reduce the threading dislocation density (TD) in GaN epilayers. To improve the light extraction efficiency, the PSS, rough surface that has random uneven structures, and photonic crystal (PC) structures are useful [14] [15] [16] .
The micro/nanoscale patterns for ELO, PSS, and PC are formed by conventional photolithography or imprinting. The imprinting methods have attracted attention because of their low fabrication cost and high resolution [4, [8] [9] [10] 13, [16] [17] [18] [19] .
Because a multi-layered wafer for LED is often warped, a flexible resin mold for imprinting is suitable to contact on the whole warped surface [19] . The resin molds are cost-effective because it is expected that resin materials can be used to replicate a master or a nickel mold many times. The molds require good mold releasability during demolding. In addition, the flexible molds are expected to be applied to a roll-to-roll (RtR) or roll-to-sheet process, which is suitable for mass production [18, 19] . In our previous work, a high-throughput fabrication process of resin molds and nanostructures for PC and nanopatterned sapphire substrate (NPSS) were proposed using roll-to-roll (RtR) UV imprinting and perpendicular UV imprinting [19] . In this work, microscale PSSs were formed by the UV imprint processes and successive reactive ion etching (RIE). Figure 1 shows a fabrication process of a PSS [19] . Quartz master was fabricated by photolithography and reactive ion etching ( Fig. 1(a) ). Nickel mold was electroplated using the master ( Fig. 1(b) ). The nickel mold was curled around a roll for RtR. The nickel mold was thin enough to be curled around the roll. The roll was set to RtR equipment (CMT-400U, Toshiba Machine Co., Ltd.) and UV-imprinted on polyethylene terephthalate (PET) film ( Fig. 1(c) ). The RtR imprinting was carried out continuously and the imprinted film was rolled. The imprinted film was used as a resin mold for subsequent UV imprinting ( Fig. 1(d) ). mold was transferred to a vacuum chamber and UV-imprinted on a sapphire wafer under a reduced pressure. After UV imprinting, the resin mold and the wafer were transferred to a demolding unit in the equipment and the mold was peeled off the wafer ( Fig. 1(e) ). The imprinted resin on the sapphire wafer requires moderate durability during successive RIE.After the residual layer on the wafer was removed ( Fig. 1(f) ), PSS were formed by BCl 3 -based RIE (Fig. 1(g) ).
2.Experimental

2.1.Fabrication
Characterization
The pattern sizes in the nickel mold with pillar pattern and the replicated resin mold with hole pattern were measured by atomic force microscopy (AFM). The sizes of imprinted and etched patterns were measured from scanning electron microscopic (SEM) images. The 2-inch and 4-inch (0001) sapphire wafers were used for the measurements. As shown in Figure 3 , five points in each mold and sample were measured: point #2 was at the center, and while points #1, 3, 4, and 5 were near the edge of the pattern area or wafer. These points were included in a circular region with 100 mm in diameter. Figure 4 shows AFM images of patterns in nickel and resin molds. Table 1 lists the pattern sizes in their molds. There was no significant height or pitch difference between the two molds. In addition, each standard deviation (STD) was within 0.1 μm. Thus, the resin mold was fabricated precisely by means of the RtR UV imprinting. Figure 5 shows cross-sectional SEM images of imprinted and etched patterns in 2-inch sapphire wafers. The pillar pattern was formed on the entire wafer area after UV imprinting. The conical sapphire structures were formed after RIE. The averaged slanted angle was 58.3°. Table 2 lists the sizes of imprinted and etched patterns measured from Figure 5 . Each STD was within 0.05 μm. The residual layer Figure 5 . Cross-sectional SEM images of (a) imprinted and (b) etched patterns in 2-inch sapphire wafers Acknowledgment derived from differences in imprint and etching conditions. On the other hand, these sizes influence the light extraction efficiency for LED [9, 11, 13] . The control of their conditions for optimized PSS is a subject of future investigation.
4.Conclusion
PSSs were successfully formed on both 2-inch and 4-inch wafers by RtR UV imprinting, perpendicular UV imprinting, and RIE. Our future works include optimization of imprint and etching processes for high-brightness LEDs, improvement in the throughput of these processes, and application to 6-inch PSSs.
